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A complex of the lanthanide salt, praseodymium
nitrate, and the crown ether, 15-crown-5 has been
isolated. The characterization of this complex by
elemental analysis, melting point, H and C NMR,
UV-visible and IR has indicated that the isolable
solid compound is a 1:1 stoichiometric complex of the
two reactants and is unsolvated.
The application of this complex as a lanthanide
shift reagent does not appear to be very feasible
due to its insolubility in the non-polar solvents
typically used in NMR experiments. Studies of the
shifting ability of this complex as well as an inves
tigation of the shifting ability of other complexes
made in this laboratory indicate that they induce
chemical shifts that are no different from shifts
induced by the lanthanide salt in the absence of the
crown ether. All evidence indicates that the complex
dissociates in the polar solvents in which it is
soluble.
HISTORICAL
It has been only during the past decade that a
large number of synthetic macrocyclic compounds capable
of binding cations or anions have been prepared and
investigated. These novel macrocyclics typically
contain hydrophilic cavities composed of a ring of
either electronegative or electropositive binding
atoms and exterior flexible frameworks exhibiting
hydrophobic behavior. Their hydrophobic exteriors
allow them to promote the solubility of ionic sub
stances in non-aqueous solvents.
The first macrocyclic polyether compound,
dibenzo-18-crown-6 (I) , was formed as an unexpected
by-product during a preparation of bis
-2- (er-hydroxy-
phenoxy)ethyl ether from bis (2-chloroethyl) ether
and the sodium salt of 2-(<y-hydroxyphenoxy)
tetrahydro-








Subsequently more than sixty macrocyclic
poly-
ethers have been synthesized. They are neutral
compounds containing four to twenty oxygen atoms each
separated from the next by two or more carbon atoms.
It was, however, in 1967 that the chemistry of these
crown ethers was fully appreciated when Pederson
described the ability of these macrocyclic polyethers
to complex a variety of metal cations.
Since many of the systematic names of the
macrocyclic polyethers are too cumbersome for repeated
use, abbreviated names. have been coined. It is clear
that in some cases the structural drawings we have
used are oversimplifications. Due to the appearance
of models of crown ethor complexes using CPK or space
filling molecular models and the ability of these
compounds to
"crown"
cations, the first macrocyclic
polyether described by Pederson in his complexation
studies was called a crown ether. We may now generally
define the crowns as macroheterocycles containing the
repeating unit ( Y CH2 CH2 )n where Y may be
3
a heteroatom such as O, S, N, or P- However, the
most important class of crowns to us involves the
first heteroatom, that is the macrocyclic polyethers.
The trivial names are based on the repeating unit
concept. They consist of, in order, (1) the number
and kind of hydrocarbon rings, (2) the total number
of atoms in the polyether ring, (3) the class name,
"crown", and (4) the number of oxygen atoms in the
polyether ring. The placement of the hydrocarbon
rings and the oxygen atoms are as symmetrical as
possible in most cases, and the exceptions are
indicated by the prefix "asym". The macrocyclic
polyether, dibenzo-18-crown-6 (I) , is so-named
because: (1) it has two benzene rings, (2) it has
eighteen atoms in the ring, (3) it is a member of
the
"crown"
class of polyethers, and (4) it has six
oxygen atoms within the ring. Some more examples
of this nomenclature are given in Figure 1.
Since we are concerned with preparing crown ether
complexes with lanthanide salts whose properties will
depend upon the structure and upon the method of prep
aration of these complexes, in this section we will
discuss a large number of preparations of a variety of
crown ether complexes as well as the properties of
these complexes.
Pederson found that many of these macrocyclic
polyethers form complexes with the salts of the elements
belonging to the following groups of the periodic table:
all elements in IA and IB; most in IIA; some in IIB; and
a few in IIIA, IIIB, and IVB. The most effective com
plexing agents are found among those macrocyclic poly
ethers containing five to ten oxygen atoms each separated
Figure 1. Crown Ether Structures and Nomenclature,
II. Benzo-15-crown-5 III. 15-Crown-5
IV. 18-Crown-6 V. Dicyclohexano-18-crown-6
VI. Dibenzo-21-crown-7
VII. Dibenzo-30-crown-10
from the next by two carbon atoms. These compounds
form 1:1 salt : polyether complexes in which the cation
is encircled by the oxygen atoms of the polyether
ring, being held there by the electrostatic attraction
between the negatively charged oxygens of the C-0
dipoles and the cation.
? MX
^=_*
The synthetic utility of crown ethers is derived
from their ability to solvate cations and thus induce
them to be soluble in non-polar solvents. Sam and
4
Simmons observed the direct solid-liquid phase
transfer of potassium permanganate could be effected
with dicyclohexano-18-crown-6 in benzene. Without the
crown ether, the potassium permanganate has no
appreciable solubility in benzene. The potassium
permanganate-crown ether complex is, however,
soluble in benzene and this is commonly referred
to as "purple benzene". This reagent is a very mild,
yet effective, oxidizing reagent
KMn04, V




- C - C,HC 100%6 5 i 6 5 benzene 6 5 6 5
0H 25
72 hrs.
The remarkable ability of the macrocyclic
polyethers to draw salts into non-polar solvents has
also been utilized in reactions involving fluoride
5
ions. Liotta and Harris have reported that
18-crown-6 assists the dissolution of potassium
fluoride in either acetonitrile or benzene and the




reagent produces a facile and efficient means of
obtaining organic fluorine compounds.
1 8 -Crown- 6
+ KF
CH3CN. 25C, 24 hours
Cyclic polyethers of the proper oxygen configura
tion form solid complexes with the cations of many
salts. Crystalline complexes can be obtained if:
(1) the crystal lattice energy of the polyether is not
too high, (2) the complexing power of the polyether is
strong enough, (3) the crystal lattice energy of the
salt is not too great, and (4) the solubility of the
complexed salt in the polyether or a mutual solvent
is appreciable.
The solid complexes of the cyclic polyethers are
prepared by one or more of the following methods.
Method 1.: One mole of polyether is warmed with
thorough mixing with one mole of salt. No solvent is
used. Method 2.: One mole of polyether and one mole
of salt are dissolved in a suitable solvent (for
example, methanol) and the solvent is removed by
evaporation (usually under vacuum). Method 3.: One
mole of polyether and one mole (or an excess) of salt
are dissolved in a minimum quantity of hot solvent,
and the complex is precipitated by cooling and
recovered by filtration. Method 4.: One mole of
polyether is heated with one mole (or an excess) of
salt in a solvent in which the salt is readily soluble,
and the polyether is converted to crystalline salt
complex with no formation of a homogeneous solution.
The complex is recovered by filtration. Method 5.:
One mole of polyether in a water immiscible solvent
is mixed with one mole (or an excess) of salt in
water. The resulting complex being less soluble in
either solvent than the original compounds, separates
as crystals. Pedersorr has reported examples of each
of these methods.
The conditions necessary for the formation and
the factors influencing the stability of the complexes
include: (1) the relative sizes of the ion and the hole
in the polyether ring, (2) the number of oxygen atoms
in the polyether ring, (3) the degree of coplanarity
of the oxygen atoms, (4) the symmetrical placement
of the oxygen atoms, (5) the basicity of the oxygen
atoms, (6) steric hindrance in the polyether ring,
(7) the tendency of the ion to associate with the
solvent, and (8) the electrical charge on the ion.
These factors are discussed further in the following
paragraphs .
Generally, the greater the number of oxygen atoms
in the polyether ring, the more stable are the complexes
formed by the polyether, provided the oxygens are
coplanar and symmetrically distributed in the poly
ether ring. An oxygen atom is considered to be
coplanar if it lies in the same plane as all the
other oxygens in the ring, and the apex of the
1 3
C-O-C angle is centrally directed in the same plane
'
(Figure 2). Symmetry is at a maximum when all the
oxygen atoms are evenly spaced in a circle.
A^J
Figure 2. Coplanarity of the Oxygen Atoms in
a Crown Ether.
The stability of the complexes are higher the more
basic the oxygen atoms. Oxygen atoms attached to an
aromatic carbon are less basic than those attached
to saturated aliphatic carbon atoms. Steric hindrance
in the polyether ring may prevent the formation of
complexes .
Complexes are formed according to the equation
M+




metal + N (solvent)
where M is charge on the metal cation and N is the
number of solvent atoms coordinated to the cation.
Hence, the formation of the complex of a particular
ion will be minimized or prevented if the ion is too
strongly associated with the solvent. In a given
group of elements, the solvation energy is usually
an inverse function of the ionic diameter.
The stoichiometries, structures, and relative
stabilities of these complexes can best be understood
by consideration of the size of the internal cavity
of the macrocyclic polyether relative to the ionic
radius and the charge density of the metal cation
residing within this central cavity.
Pederson orginally reported that the stoichiometry
of the complexes was always one molecule of salt per
molecule of polyether and that a stable complex is not
formed if the ion is too large to fit into the hole of
the polyether ring. Since the cationic portion of the
complexes was thought to be a cyclic polyether with a
cation completely nestled within the center of the
hole, the inclusion of a second molecule of the poly
ether in the complex was not considered.
Pederson later revised his original report and
indicated that the stoichiometry of these complexes was
not as simple as previously reported. Depending on the
10
relative sizes of the hole in the cyclic polyether
and of the cation, complexes with cation: polyether
mole ratios of 1:1, 2:3, or 1:2 can be obtained.
The original estimated sizes of the holes for
typical members of the different polyether rings were
estimated by means of molecular models of the
Fisher-
Hirschfelder-Taylor type. A systematic overestima-
tion of the diameters of the holes in the cyclic
polyethers, based on Van der Waals radii, decisively
influenced the earlier conclusion. The original
estimates and the more current values of the
diameters are shown in Table I. The smaller current
values are according to Corey-Pauling-Koltun and the
larger from Fisher-Hirschfelder-Taylor atomic models.
The ionic diameters of complexable cations are listed
in Table II.
The conclusion that the relative sizes of the
holes and the cation control the stoichiometry
seems inescapable. Dibenzo-18-crown-6 (I) with a
hole diameter of 2.6-3. 2A forms only a 1:1 complex
with potassium ion (diameter 2.66A), but it forms
2:2 and 2:3 complexes rather than a 1:1 complex
with cesium ion (3.3A), an ion with a diameter
larger than the hole. Rubidium is a borderline




Table I. Polyether Hole Sizes
(A)a
Polyether Original Estimates Revised
All 14-Crown-4 1.8 1.2-1.5
All 15-Crown-5 2.7 1.7-2.2
All 18-Crown-6 4.0 2.6-3.2
All 21-Crown-7 Over 4.0 3.4-4.3
TABLE II. Ionic Diameters (A)


















aC. J. Pederson, J. Amer. Chem. Soc. , 92, 386 (1970)
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Complexes of benzo-15-crown-5 can be analogously
explained. This polyether, with a hole diameter
of 1.7-2.2&, forms only a 1:1 complex with sodium
ion (1.90A) and 1:2 complexes with the larger ions.
A 2:3 complex of benzo-15-crown-5 has not yet been
isolated, nor have any complexes of dibenzo-18-crown-6
with ratios such as 3:4 salt to polyether.
The 1:1 complexes are generally assumed to
consist of the metal ion bound in the cavity of
the polyether ring. This "metal in the
hole"
picture
has been substantiated by X-ray crystallographic
studies of several metal-polyether complexes.
However, caution should be used in determining the
composition of the complex in solution from the
X-ray crystal analysis. The first macrocyclic
polyether complex to be investigated by X-ray
crystal structure analysis had a 2:3 crystal stoichio
metric composition (two rubidium thiocyanate molecules
to three dibenzo-18-crown-6 (I) molecules) , but the
complex was found to have a 1:1 structure. A third
uncoordinated molecule of the crown ether was




The fact that a metal ion forms a 1:1
complex with a cyclic polyether does not always
indicate that the metal ion is located in the
cavity of the polyether. The metal ion may have
directed valencies which preclude bonding to all
the oxygen atoms or it may be too large or too
small to fit
"exactly"
in the hole. Apparently,
the former is the case for the solid complex of
cobalt dichloride and the cyclic polyether,
dieyclohexano-18-crown-6 (V) , where based on
infrared and magnetic moment data, two possible
structures were postulated: a sandwich-type
structure with two cobalt ions located between
two cyclic polyether molecules, and a chain-type
polymer with an alternating array of cobalt
cations and the cyclic polyether molecules
Q
(Figure 3) . These structures are possible only
if each cyclic polyether contributes three oxygen
atoms to each cobalt ion to form an octahedral
complex. In the absence of X-ray crystallographic
data, it cannot be concluded which, if either, of









Figure 3. CoCl2* Dicyclohexano-18-crown-6 Complex,
A. C. L. Su and J. F. Weiher, Inorg. Chem. , 7, 176 (1968)
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In the absence of experimental proof of struc
tures, 2:2 and 2:3 complexes invite speculation.
The cationic portion of the 1:2 complex has a struc
ture consisting, in some way, of (crown)
-
(cation) -(crown) ,




(cation) -(crown) structure. A
"sandwich"
structure seems the most probable for the 1:2 complex
in which two, relatively flat, large molecules are
held together by a small sphere, particularly when
the attractive forces are located on the sphere and
toward the centers of the large molecules. Similarly,
the structure of the 2:3 complex seems most likely to
consist of three molecules of polyether arranged as
relatively flat layers each separated from the next
by a cation. If the term
"sandwich"
is applicable
to the 2:2 complexes, the term "club
sandwich"
is an










Figure 4. Rough representations of
"sandwich"
complexes,
aC. J. Pederson, J. Amer. Chem. Soc, 92, 386 (1970).
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Su and Weiher have extended
Pederson'
s work by
studying the interactions of the cyclic polyethers
with a number of transition metal cations. The com
plex formation can be observed by change of colors,
change of solubility, or spectral changes of the
reactants .
Among the complexes they synthesized, the one
derived from cobalt dichloride and dicyclohexano-18-
crown-6 (V) was isolated most readily and studied in
detail (Figure 3) . This complex was prepared by
mixing a concentrated solution of the crown ether
with a 0.5M solution of cobalt dichoride in acetic
acid. The complex precipitated as blue crystals and
the major product was always dicyclohexano-18-crown-6
2 CoCl2. The complex melted sharply at 238-239C and
was insoluble in nonpolar solvents. In more polar
solvents, such as nitromethane, the complex tended
to dissociate into the original components.
Studies by Pederson have been reported to be in
progress to determine the thermodynamic properties of
solutions of these complexes and to identify the species
present in these solutions. Cursory experiments, how
ever, in which the 1:1 and 1:2 crystalline complexes
of rubidium thiocyanate with dibenzo-18-crown-6 (I)
were put in methylene chloride and in methanol with
no additional salt or polyether gave interesting results
17
The 1:1 complex dissolves in methylene chloride with
the precipitation of some uncomplexed salt, showing
that apparently the 1:1 complex is at least partially
converted into the 1:2 complex. The 1:2 complex is
readily soluble in this solvent with no apparent
decomposition. On the other hand, the 1:1 complex
dissolves in methanol without obvious decomposition,
but the 1:2 complex releases a considerable amount
of the free polyether, indicating that the 1:2
decomposes into the 1:1 complex in methanol. This
behavior must depend on the relative stabilities of
the complexes, the solubilities of all the components
in the two solvents, and the coordinating abilities
of the solvents.
The crystal structures of three alkali-metal
complexes with cyclic polyethers were determined in
g
1970 by Bush and Truter. Some aspects of the
structures of these complexes (Figure 5) are dis
cussed below.
Complex I is sodium bromide dibenzo-18-crown-6 ,
The asymmetric unit consists of two sodium-cyclic
polyether complexes, two bromine ions, and four water
molecules. The water molecules solvate the crowned
sodium ions and the bromide ions bridge two waters
9





Figure 5. Crystal Structure of Three Alkali-Metal
Complexes with Cyclic Polyethers.
aM. A. Bush and M. R. Truter, Chem. Commun., 1439 (1970)
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Complex II is sodium iodide benzo-15-crown-5 .
The five ether oxygen atoms are approximately co
planar. The sodium ion lies 0.75A out of this plane
towards a water molecule which completes the pentagonal
pyramidal configuration. The iodide ion is hydrogen
bonded to two symmetry related water molecules and
9
does not interact with the metal.
Complex III is potassium iodide dibenzo-30-
crown-10. The potassium ion is enclosed in a
coordination sphere formed by the ten ether oxygen
atoms of a single crown ether molecule and, unlike
the previous structure, there are no interactions
9
other than those from the crown ether ligand.
The structural data on macrocyclic polyether
complexes so far suggest that, whereas the very
large ring systems can completely replace the
hydration sphere of the alkali metal, the small rings
can do so only partially and the complexes may involve
additional interactions from anions or possibly from
solvent molecules.
Stability constants of macrocyclic polyether
complexes with several univalent cations were investi
gated by Frensdorff. The study was undertaken to
provide a quantitative measure of the strength of
complexing in solution as a function of polyether
2SL
structure, cation size and type, and solvent. The
stability constants for the 1:1 complexes of 22
macro-
cyclic polyethers (12 to 60-membered rings of C-C-0
units with various substituents including nitrogen and
sulfur) with several cations (K , Na , Li , Cs , NH. ,
Ag ) in water and methanol were determined by
poteni-
ometry and cation selective electrodes.
The stability constants in methanol and water re
ported by Frensdorff are summarized in Tables III-V.
The methanol stability constants are three to four orders
of magnitude higher than the aqueous ones, presumably
because water competes more strongly for the cation than
does methanol. In other words, K_ below is significantly
a













The degree to which ring formation adds to the
strength of complexing is shown by the stability constants
of pentaglyme which are three to four orders of magnitude
lower than those of its cyclic analog 18-crown-6.
CH3O-(CH2CH20)5 CH3


































aH. K. Frensdorff, J. Amer . Chem. Soc. , 93, 600 (1971).














Table IV. 1:2 Complexing in Methanol at 25 C




































, 93, 600 (1971).




+ Na+ K+ Cs+
NH(
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^0.3 2.06 0.8 1.1 1.6
Cyclohexane-18-crown-6 <0.7 0.8 1.90 0.8 1.1 1.8
Dicyclohexane-18-crown-6
(isomer A) 0.6 1 .7 2 . 10 1. 15 1. 35 2.3
(isomer B)





- - - 1.9
K, in 1/mol.
aH. F. Frensdorff, J. Amer. Chem. Soc, 9_3, 600 (1971).
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The stability constants measured in methanol
illustrate the effects of polyether ring size, cation
size, and substituents on the main ring on the strength
of the complex. The interaction between ring size and
cation size is manifested by the selectivity order,
which changes from Na > K for
dicyclohexano-14-
crown-4 , to Na ~ K > Cs for cyclohexano-15-crown-5 ,
+ + +










for dibenzo-24-crown-8. Moreover, the optimum ring
size is 15-18 for Na+, 18 for K+, and 18-21 for Cs+,
in accordance with the relative sizes of the cations
and the polyether rings.
As Pederson has observed, complexing is expected
to be weak when the polyether is too small for the
cation because the cation cannot penetrate into the
plane of the oxygen atoms where the charge density
is greatest. Complexing is also weak when the ring
is too large, because the cation cannot be close to
all the oxygens simultaneously. In addition, the
smaller crown ethers will form weaker complexes since
there are fewer oxygen atoms available for coordination.
The increase of the stability constant for the
complex between K and each of the 24-crown-8 and
30-crown-10 suggest that such
"wrap-around"
complexing
might occur with polyethers, provided their rings are
of a suitable size.
24
The effects of side groups, illustrated by the
five 18-crown-5 derivatives are more complex though
smaller than those of the main ring size. The
difference between the stability constants of the
K complexes with dicyclohexano-18-crown-6 and
dibenzo-18-crown-6 in methanol reflects how the
strength of the C-0 dipoles is affected by the nature
of the substituent (smaller for the .aromatic than
for alicyclic side chains) . The differences between
+ + +
the complexes in methanol of Na , K , and Cs with
the two isomers of dicyclohexano-18-crown-6 illustrate
the steric effects due to the side rings of the poly
ether. The differences in the two isomers may be
noted in Figure 6 .
cis-syn-cis isomer cis-anti-cis isomer




The structure of the cyclic polyether complexes,
as envisioned by Pederson , and found by Bright and
7
Truter using X-ray methods, with the cation in the
center of the polyether ring does not require complete
removal of the solution shell of the ion since solvent
contact is still possible above and below the ring
plane. Comparison of the stability constants of the
* + + +
complexes of the three alkali cations, Na , K , and Cs ,
each with the crown ether of optimum ring size, reveals
that the K complex is the strongest by at least one
order of magnitude. This can be considered to reflect
the competition between complex formation and solvation.
In other words, K is less likely to be completely
solvated by methanol than Na and Cs .
While the existence of 1:2 cation to polyether
complexes in the solid crystalline state has been
amply demonstrated, it may not follow that they exist
as such in solution. The findings demonstrate that a
ring size too small to accommodate the cation is not
a sufficient, though it may be a necessary, condition
for the formation of a 1:2 complex.
Stability constants measured in aqueous systems
are much smaller than those measured in methanol.
These reflect the much stronger cation solvation by
water, compared to methanol, with which the polyether
has to compete. The Li ion is so strongly hydrated
26
that in only one case was complexing found and this
was barely detectable. The Ag ion, which is quite
weakly hydrated and almost the same size as K , is
complcxed about as strongly as K . The number of
complexes of polyethers for which stability constants
are measured was limited to those polyethers which
have sufficient water solubility and this excludes
the benzo and dibenzo crowns (Table V) .
The simplest, often spectacular, and potentially
most useful way in which complexing by macrocyclic
polyethers manifests itself is the dissolution of
ionic compounds in organic solvents. In many cases
addition of a polyether causes the dissolution of
salts and related compounds in solvents in which they
are otherwise virtually insoluble.
While complexing of the cation is an obvious
prerequisite for inducing solubility, the anion also
plays an important role as illustrated by the increase
2
in solubility with anionic size (Table VI). The
com-
plexed cation is surrounded by oleophilic groups and
thus can be more or less easily accommodated in a
nonpolar environment. Interaction between the anion
and a nonpolar solvent, however, is much less favor
able, especially for small anions of high charge




anions as fluoride or sulfate do not
have their solubility increased by cyclic polyethers,
while those of soft anions, e.g., iodide, thiocyanate,
picrate and fatty acid anions, dissolve more readily.
Table VI. The Solubility of Alkali-Metal Halides
in Organic Solvents by Addition of 50 mmol/1
~~of Dicyclohexano-18-Crown-6a
Solubility (mmol)/ 1
Solvent NaCl NaBr KC1 KBr KI
Benzene 0.01 1.8 0.03 2.3 9.2
cci4 0.03 2.7 0.6 4.1 0.8
CHC13 1.8 37 21 41 43
THF 0.02 1.2 0.1 3.6 45
aC. J. Pe terson and H . K. Frensdorf,, Angew . Chem. Internat
Ed. , 11, 16 (1972) .
Cassol, Seminaro and DePaoli were the first to
investigate complexes of macrocyclic polyethers with
lanthanide cations. The two cyclic polyethers benzo-15-
crown-5 (II) and dibenzo-18-crown-6 (I) were chosen
because of the sizes estimated for their holes relative
to the ionic sizes of the metal ions. They prepared
complexes of all the lanthanide nitrates and thiocyanates
(except Pm) with both polyethers and characterized them
by elemental analysis, ultraviolet and infrared spectra,
and conductivity data.
28
Their preparations were carried out as follows:
a solution of hydrated lanthanide nitrate in anhydrous
acetonitrile (1 mmol in 5 ml.) was mixed with an
equimolar proportion of a solution of the crown
ether in anhydrous acetonitrile (1 mmol in 25 ml.).
From the clear solution, after heating to 50-60 C
with stirring, the complexes precipitated gradually
as crystalline solids. In
general,*
the heavier
lanthanides crystallize more slowly, particularly
with dibenzo-18-crown-6 . With the heavier lanthanides,
partial evaporation of solvent from the mixture was
sometimes necessary to obtain a good yield.
12
King and Heckley also investigated the lanthanide
nitrate complexes of some macrocyclic polyethers. The
similarities of the ionic radii and the electropositiv-
ities of the trivalent lanthanide ions relative to
several of the alkali and alkaline earth metal cations
suggested that the tripositive lanthanides might form
stable complexes with at least some of the macrocyclic
polyethers. Furthermore, the complexing properties
of the macrocyclic polyethers might be unusually
sensitive to the size of the lanthanide ion to which
they are bonded, since the structure is governed
primarily by electrostatic and steric effects. They
felt that such a sensitivity of the macrocyclic poly
ethers to metal cation size in complex formation
29
could provide not only unusual coordination possi
bilities but also a basis for a novel method of
lanthanide separation.
12
King and Heckley also have reported results
obtained on the synthesis and characterization of
the new complexes formed in the reactions between
the hydrated lanthanide nitrates and the two macro-
cyclic polyethers, benzo-15-crown-5 (II) and
dibenzo-18-crown-6 (I) . Their results differ
appreciabley from those of Cassol, Seminaro, and
11 12
DePaoli. King and Heckley have extended the
observations of Cassol, Seminaro, and DePaoli by
reporting the first solvated lanthanide nitrate com
plexes and the first experiments on the use of
macrocyclic polyethers for lanthanide separations.
12
The nature of the complexes that King and Heckley
obtained from the lanthanide nitrates and macrocyclic
polyethers appears to be quite dependent on the
reaction conditions employed. Unsolvated 1:1 com
plexes were obtained only for the lighter (i.e., larger)
lanthanides (La, Ce, Pr , and Nd) with both macrocyclic
polyethers. The smaller polyether yielded only the





with the heavier (i.e., smaller) lanthanides
(Ln - Sm, Ey, Gd, Tb, Dy, Ho, Er , Tm, Yb, and Lu) .
Attempts to thermally remove the solvent coordinated
30
to these complexes under vacuum was unsuccessful
and resulted in decomposition. The larger polyether





chromatographed a mixture of
praseodymium and erbium nitrates on a column of
dibenzo-18-crown-6 (I) and analyzed the eluates by
visible spectroscopy. They were able to find
chromatographic conditions where praseodymium
(ionic radius - 1.09A) was adsorbed sufficiently
o
more strongly than erbium (ionic radius
-
0.96A) on
the dibenzo-18-crown-6 (I) (hole size
-
2.6-3.2A)
column. This column not only qualitatively separated
the two metals but the latest praseodymium eluates
were spectroscopically free of erbium.
Nuclear magnetic resonance (NMR) spectroscopy
has developed into one of the most powerful analytical
techniques for the elucidation of structures of
organic compounds. Often in the spectra of complex
organic molecules, the signals are bunched together
in featureless clusters from which little definitive
structural information can be obtained. To some
extent, this problem has been solved by the advent
of higher frequency spectrometers, but the cost of
these is often beyond the means of many institutions.
Some simplification in spectra can be attained using
solvent-induced shifts, but approaches of this kind
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usually only affect a small part of the organic
13
molecule. For example, Demarco has reported
solvent shifts induced by pyridine in the proton
magnetic resonance ( H NMR) spectra of erythromycin
aglycones ranging from 0.05 to only 0.8 ppm.
The possibility of utilizing specific
electron-
nuclear interactions with paramagnetic ions to
resolve accidental coincidences in NMR spectra
17
was realized in 1960 in an 0 NMR study of cation
hydration. Since that time there have been numerous
reports of the perturbation properties of transition
metal complexes on the H NMR spectra of the ligands to
14
which they are attached. Although the induced
chemical shifts were of considerable theoretical
interest, they were of little practical value to
the organic chemist. The induced shifts were often
very small, and, because of the relatively slow
electron spin relaxation times of the transition metal
ions, line broadening resulted in the loss of the
signal multiplicity from which much of the structural
information is derived.
In 1969, C C.
Hinckley15
reported the influence
of the dipyridine adduct of Eu(thd)3 on the H NMR
spectrum of cholesterol. Significant induced chemical
shifts were found with acceptable levels of signal
broadening, the downfield shifts ranging from 347 Hz ,
32
for the proton o<* to the hydroxy group, to 2 Hz for
the terminal methyl groups of the C-17 alkyl moiety.
16
Shortly afterwards Sanders and Williams employed
the same chelate without the two molecules of
pyridine and observed a four-fold increase in the
magnitude of the induced shifts resulting from the
lack of competition with pyridine for the coordination
sites. These initial reports inspired considerable
interest in the application of lanthanide shift re
agents (LSR) .
The signs and sizes of the lanthanide induced
shifts (LIS) provide the information on which structural
analyses can be based. However, application of this
analysis requires an understanding of the mechanism
of action of the paramagnetic ions, and to this end,
the theoretical knowledge developed in earlier
studies with the transition metal ions has proved
invaluable.
There is a similarity between the mode of action
of added solvents such as pyridine and benzene and
paramagnetic ions on the NMR spectra. Both kinds of
reagents are sources of secondary magnetic field,
which are usually anisotropic, their magnitude and
direction varying with the direction of the primary
field. However, paramagnetic ions exert much stronger
fields and therefore afford potentially greater
33
spectral spreading properties. The influence of
the secondary magnetic fields falls away sharply
with distance, and induced shifts will only be
significant if the nucleus being observed is in
close average proximity to the paramagnetic ion.
This requirement is satisfied by the rapid equilibria
involving organic compounds possessing Lewis base
sites and transition metal or lanthanide ions,
which function as Lewis acids.
The observed shift is referred to as the
isotropic shift since it is the average of what
would be obtained for all possible orientations of
the molecule with respect to the applied magnetic
field. Anisotropy, in contrast to isotropy , is an
orientation dependent quality or quantity.
The isotropic shift includes nuclear resonance
shifts arising from two different interactions: the
Fermi hyperfine contact or scalar interactions and
the electron nuclear dipolar or pseudocontact inter
action. The total observed isotropic shift is the
algebraic sum of the shifts caused by the contact
mechanism and by the pseudocontact mechanism.
Although there is still controversy with regard
to the exact nature of the induced paramagnetic shifts,
the data generated so far clearly indicate a predomi
nance of a dipolar contribution for proton NMR. The
pseudocontact or dipolar shift is a through-space
34
coupling between ligand nuclei and unpaired electrons
on the metal ion and depends upon the geometry of the
complex.
For a dipolar, or pseudocontact, interaction of
the rare earth ion with a nucleus i, the induced shift





In this equation, which is valid only for the case of
axial symmetry of the complex, r. represents the dis
tance of the i-th nucleus relative to the site of the
lanthanide atom, and X . is the angle between the
principal magnetic axis of the complex and the distance
vector r..
Quantitative information on the basis of the
equation is difficult to obtain, mainly because of
uncertainties regarding the geometry of the complex.
Moreover, the magnetic axis of the complex does not
necessarily coincide with the metal-ligand bond axis.
The interaction gets the name
"dipolar"
because
the mathematical characterization of the energy of
interaction has the same form as the interaction
energy arising from two macroscopic magnetic dipoles
such as bar magnets. It is often called the
"pseudocontact"
interaction to distinguish it from
Ji
the Fermi contact interaction where the electron
is in
"contact"
with a nucleus via the radial part
of the electronic wave functions.
Figure 7. Lanthanide Positional Parameters
for McConnell-Robertson Equation
Figure 7 shows the coordinate system for
complexa-
tion of a lanthanide chelate with an alcohol. It is
convenient to put the complexed atom of the substrate,
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here oxygen, at the origin, C. along the +z-axis,
and C2 in the y,z plane. In the figure, r. and .X .
are labelled for the atom of interest, in this
21
case C2.
Based on the McConnell-Robertson relationship,
excellent agreement was generally obtained in H NMR
when experimental and computed lanthanide-induced
shift data were compared. However, corresponding
C data could not always be reproduced satisfactorily
by the dipolar model. The difference between the
experimental and computed values is considered to
be the contribution from Fermi contact interaction.
Unlike the pseudocontact shifts, which are caused
by a dipolar interaction between nuclear and electron
spins, the Fermi contact interaction is a scalar
quantity and depends primarily on the hyperfine
coupling of the nucleus i to the lanthanide.
Hyperfine interactions require electron spin density
at the site of the nucleus. On condition that the
system is isotropic, the contact shift (AHi/H) is
given by:
(AHi/H) = a;.g2B2S(S+ l)AN3kT
In this equation, a. represents the hyperfine coupling
constant for nucleus i, g and B are the g-factor and
the Bohr magneton, respectively, for the electron,
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^ is the magnetogyric ratio for the nucleus and S
is the electron spin. The other symbols have their
18
usual significance.
In contrast to pseudocontact shifts, contact
shifts are not geometry related. Fermi contact inter
action involves direct derealization and/or spin
polarization of the unpaired electron via the molecular
orbitals of the substrate ligand. As a result, the
unpaired electron spin density is spread over a
number of atomic sites in the ligand, thereby inducing
a contact shift, the magnitude depending on the
ability of the system to delocalize electrons. Hence
the effect is expected to become more substantial in
conjugated 'TT'-electron systems. In saturated molecules
contact shifts are usually confined to cA and (3, and
possibly Y carbons of the substrate.
In the transition metal ions, the valence 3d
electrons are exposed and therefore ideally situated
to participate in covalent bonding with ligands,
resulting in extensive contact interactions. However,
in the lanthanide series, the radial extension of
the 4f orbitals is exceedingly small, and the electrons
in these orbitals are shielded from the ligand by the
5s and 5p electrons. Consequently contact interactions
are diminished and the induced chemical shifts arise
predominantly from the dipolar mechanism.
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Most of the LSR studies to date have been
accomplished using various lanthanide complexes
which produce shifts in the NMR spectra of aldehydes,
ketones, alcohols, amines and other molecules having
a relatively basic lone pair of electrons. The
addition of these LSR's to an NMR solution of a
compound which possesses an appropriately basic lone
pair of electrons causes the proton 'resonances to
spread out with the effect usually being greatest
on the resonances of hydrogens nearest the site of
coordination. Coupling constants appear to be
19
virtually unaffected.
Added paramagnetic ions can cause both induced
chemical shifts and shorter, relaxation times. The
effect of paramagnetic ions on the relaxation times
is an important consideration, as this interaction
to a large extent determines the linewidth of a
particular resonance.
For cases in which separation of the spectral
resonances is required to enable interpretation, the
LSR should possess optimal shifting power with minimal
broadening effects. They should also be capable of
associating with a wide range of organic substrates
without causing chemical decomposition. Resonances
of the LSR should be well separated from the normal
NMR range of the substrate resonances, and both the
LSR and their complexes with added substrate should
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be soluble in solvents which do not complex prefer
entially with the
LSR.20
The direction of the shift, i.e., upfield or
downfield, depends primarily upon the lanthanide com
plex used. Complexes of europium and praseodymium
are by far the most widely used shift reagents,
giving shift broadenings of only 0.003 and 0.005 Hz/Hz
of shift, respectively.
The limitations of LSR are: (a) line broadening
can give rise to loss of fine structure of the spectrum,
(b) Nuclear Overhauser experiments are often precluded
by added LSR, as the paramagnetic interactions dominate
the spin-spin interactions, (c) Fourier transform
analysis should be attempted with caution as foldover
effects of expanded spectra may give rise to interpreta
tion difficulties, (d) compounds possessing acidic
groups such as carboxylic acids and some phenols cause
decomposition of some lanthanide chelates, and these
groups require modification prior to the analyses, and
(e) of the commonly occurring organic compounds, alkyl
halides, hydrocarbons, thioethers, and nitro compounds
are almost totally unaffected by standard LSR's and
require chemical modification to enable spectral
20
simplification.
The Lanthanide Induced Shifts (LIS) are usually
expressed as displacements of the resonances from the
40
initial positions, in the absence of the LSR.
Although a large amount of information can be
gleaned by a visual analysis of a series of spectra
obtained from incremental additions of LSR, the
information is usually expressed in graphical form
as a plot of induced shift vs. the ratio
|[lsr3/ fsubstrate} . Extrapolating a particular signal
back to the ordinate enables verification of the
assignment of the chemical shift of the particular
nucleus in the absence of added LSR. Usually some
curvature is apparent at low and high mole ratios,
with a good linear correlation noted for the range
0.2-0.6 mole ratio. Curvature at low LSR concentra
tions has been attributed to competition between
the substrate and traces of water or acidic impurities
for the LSR. Curvatures at high ratios of
ClsrI/ Csubstrat^] have been ascribed to incomplete
dissolution of the LSR and to association or equilibrium
effects.
This thesis is concerned with the investigation
of the ability of the macrocyclic polyethers to form
complexes with lanthanide salts. This research was
undertaken because: (1) previously published work
suggests that such complexes can be made, (2) previous
work at R.I.T. has suggested that better matching of
the ether hole size and the cation size could guide
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the research, and (3) such complexes when formed
could provide new and useful lanthanide shift
reagents .
Since inorganic salts of the alkali and alkaline
earth metals complexed with crown ethers exhibited
enhanced solubility in non-polar solvents that are
typically used in NMR experiments, it seemed reason
able to expect similar solubility characteristics
from the crown-ether lanthanide salt complexes. In
addition, the enhanced electrostatic reactivity of
the lanthanide cation due to anion separation in
these complexes could provide a cation of high Lewis
acidity and accessibility to interact with a Lewis
basic substrate. This could open up the path to LSR
studies of Lewis basic substrates that are weakly





The high complexation selectivity of the crown
ethers and related macrocyclic and macropolycyclic
molecules makes them attractive ligands for the
systematic study of the coordination properties of
lanthanide cations. The choice of the lanthanide
cations and of the ether ligands controls the ratio
of the cation diameter to ligand cavity diameter
and this ratio, coupled with variations in crown
ether flexibility (greater for 15-crown-5 and
18-crown-6 than for the corresponding benzo-substituted
ligands )f can have a very profound effect upon the
nature of these lanthanide-crown ether complexes.
The outer electronic configurations of lanthanide
tripositive ions (M ) and their radii are listed in
23
Table VII . The cause of the lanthanide radial contrac
tion of the tripositive ions is apparently the
imperfect shielding of one 4f electron by another.
As the nuclear charge, and thus the 4f electron popu
lation, increases, the imperfect shielding occasioned
by the directed nature of these orbitals causes each
4f electron to experience added electrostatic attrac
tion by the nucleus. The result is a decrease in the
N
size of the entire 4f arrangement (and therefore in
the sizes of atoms and ions) with increasing atomic
number .
43
Table VII. Outer Electronic Configurations of Lanthanide
Tripositive Ions (Mt3) and Their RadTi
















Only the valence shell electrons, that is, those
outside of the Txel shell are given.
D. H. Templeton and C. H. Dauben, J. Amer. Chem.


































The reason for the similarities of the
lanthanide cations is that the 4f orbitals are
gradually filled across the series (from lanthanum
to lutetium) and that these 4f electrons do not
greatly affect the chemical properties. The 4f
orbitals are inner orbitals in the sense that the
space that their electrons occupy lies mainly inside
that occupied by the outermost shell of the 5s and
5p electrons; somewhat paradoxically, although
enclosed well within the latter shells, the 4f
electrons are less stable than the 5s and 5p and
have lower ionization potentials. The less stable
2 fi
5d orbitals are nearer to the 5s 5p closed shell
than the 4f orbitals. Evidence for this situation
is provided by the electronic absorption spectra of
compounds of the tripositive lanthanide ions. A
substitution for the element or group bonded to the
lanthanide does not substantially alter the energy
of the electronic transitions within the well-shielded
4f shell and thus various complexes with different
ligands but a common cation have virtually the same
wavelength for their UV maxima. For example, the
absorbtion spectrum of promethium ion was found to
be the same in both chloride and nitrate aqueous
24
solutions and the ultraviolet spectrum of gadolinium




The tripositive ions of lanthanium and lutetium
are diamagnetic. All other lanthanide tripositive
ions contain unpaired 4f electrons and are, therefore,
paramagnetic. They impart this paramagnetism both
to their solid components and to their solutions.
II. SYNTHESIS OF PRASEODYMIUM NITRATE 15-CROWN-5 COMPLEX
26
Izatt, et al., have studied the thermodynamics
of the interaction of the hydrated lanthanide chlorides
with cyclic polyethers using a titration calorimetric
technique. They found that with increasing atomic
number, the stabilities of the complex formed between
18-crown-6 and the lanthanide show a decrease, as
contrasted with the increase displayed by the trivalent
lanthanide complexes of most other ligands. The reaction
in these cases involves the competition of the crown








(x-x') H20 + (y-y') CH30li + (z-z')Cl
Like sodium ion, the lanthanide tripositive cations
are too small for a good fit into the cavity of the
18-crown-6 ring. For this reason it is not surprising
46
that the stability of the complex decreases as the
cation size diminishes across the lanthanide series.
27
Long synthesized complexes of lanthanide
nitrates of praseodymium, europium, and gadolinium
with the macrocyclic polyethers 18-crown-6 and
dicyclohexano-18-crown-6 . Elemental analyses of
these complexes indicated that the stoichiometry of
the solid products was other than simply one molecule
of crown ether per molecule of the lanthanide salt.
Each complex analyzed appeared to contain more
molecules of the salt than of the crown ether. The
difference between Long's results and those of King
and Heckley (unsolvated 1:1 stoichiometry complexes
were obtained for the lighter lanthanides, La, Ce, Pr,
and Nd, with the benzo-18-crown-6) was rationalized by
the greater flexibility of the crown ether in Long's
case and thus a corresponding greater ability for
his ethers to accommodate additional cations.
Since the conditions necessary for the formation
and the factors influencing the stability of these
complexes include the relative sizes of the ion and
polyether ring, we investigated the complexation of
the macrocyclic polyether 15-crown-5 with praseodymium
nitrate pentahydrate. This crown ether has a hole
diameter that is reportedly only slightly larger than
the lanthanide ionic diameters. Since 15-crown-5 is
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a closer fit for the lanthanide ions than 18-crown-6,
we expected that the former would form a stable com
plex of 1:1, rather than 5:4, 4:3, or 3:2 stoichiometry.
It was hoped that the solubility in non-polar solvents
would thus improve since a 1:1 complex would be richer
in crown ether and therefore should have greater
hydrophobic character than a complex with a stoichi
ometry that is richer in lanthanide 'salt.
A general method for the preparation of lanthanide-
polyether complexes, involving low amounts of methanol
solvent (10 times the weight of the polyether) , was
followed in the early stages of this research.
This method, however, lead to an amorphous product.
We improved this procedure by using more methanol solvent
(40 times the weight of the polyether) , resulting in
a product precipitating as a fine crystalline material.
After filtering the first crop of crystalline product,
additional product was recovered by concentrating the
filtrate, bringing the total yield to slightly above
80%. Further work-up did not appear to be productive
as the quality of the material in subsequent crops
was diminished.
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III. CHARACTERIZATION OF THE PRASEODYMIUM NITRATE-
15 -CROWN-5 -COMPLEX
28
Hart, et al., found that
syn-di- (cis-
cyclohexano) -18-crown-6 complexes with lanthanum
nitrate resulted in a well crystallized product
from ether-ethanol, and they present the first X-ray
structural data of a lanthanide-crown ether complex.
This complex was apparently the first molecular
complex to be described that is uncharged and
12-coordinate.
The molecular structure is shown in Figure 8.
0O '0




aM. E. Harmon, F. A. Hart, M. B. Hursthouse, G. P. Moss,
and P. R. Roothby, Chem. Comm. , 396 (1976).
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The lanthanum atom is coordinated by the six oxygen
atoms of the crown ether ring, by one bidentate
nitrate ion on the more sterically hindered side
of the ring, and by two bidentate nitrate ions on
the less hindered side. The six ether oxygen atoms
are not quite planar, two diametrically opposed atoms
9
being displaced 0.81A below the mean plane of the
(ring) other four. The direction of displacement is
away from the paired nitrate ions and thus tends to
equalize the distances between each of the twelve
ligand atoms and the metal ion.
Synthesis and characterization of complexes of the
lighter lanthanide nitrates with 15-crown-5 and
18-crown-6 have recently been reported by Bunzli and
29
Wessner. Stable and unsolvated complexes of the
lighter lanthanides with 15-crown-5 and 18-crown-6
were isolated. The complexes formed were microcrys-
talline powders with the characteristic color of the
lanthanide ions.
The polyether to lanthanide ion ratio found by Bunzli
and Wessner was 1:1 for all the complexes of 15-crown-5
whereas complexes of 18-crown-6 may have two different
stoichiometries, 1:1 complexes for the lanthanide
series La-Nd, and a 3:4 complex for the lanthanide
series Pm-Lu. The latter complexes are thermally
27
more stable than the 1:1 complexes. Long's observa
tions of synthesizing a complex with more molecules
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of salt than the polyether, 18-crown-6, now had
indirect corroboration, although Long proposed a 4:5
complex merely on the basis of elemental analysis.
The 3:4 18-crown-6 complex synthesized by
29
Bunzli and Wessner was the first crown ether
complex to be isolated with such stoichiometry.
The question arises whether this 3:4 polyether to
metal ion ratio simply results from *a co-crystallization
of an equimolar mixture of 1:1 complex and lanthanide
nitrate or whether it corresponds to a single homo
geneous complex of 3:4 stoichiometry. The following
results support the latter hypothesis:
(i) The 3:4 complexes may be recrystallized
unchanged from ethanol and are not sensitive
to moisture.
(ii) X-ray powder diagrams are different for the
salts, the 1:1 complexes, and the 3:4 com
plexes.
(iii) The infrared spectra afford evidence for the
complexation. Upon complexation, the two
components of the 15-crown-5 C-C-0 stretch
at 1120 and 1092
cm-1
undergo a shift to
lower wavenumbers averaging 43 and 18 cm ,
respectively. All the 1:1 complexes show a
sharp characteristic absorption band at
875-880 cm . The situation is somewhat
different for the 3:4 complexes of 18-crown-6 .
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The C-C-0 band of the polyether is shifted
more toward lower wavenumbers (41 cm )
than are the corresponding 1:1 complexes,
and there is no band in the 875-880 cm
region.
(iv) The 3:4 complexes are thermally more stable
than the corresponding 1:1 complexes as
illustrated by the thermogfavimetric curves.
It should be reiterated that a 1:1 polyether-
lanthanide salt complex was expected for the lanthanide
15-crown-5 complexes. Thus, equimolar amounts of both
reactants were used in all of our syntheses. The
carbon, hydrogen, nitrogen and praseodymium analyses
of the crystalline material indicated that the
sthoichiometry of the complexes was indeed consistent
with one molecule of crown ether coordinated to one
molecule of the lanthanide salt (Table VIII) .
The macrocyclic polyethers with fused aromatic
rings are colorless crystalline compounds. For a
given polyether ring the melting point rises with the
number of rings. These compounds, particularly those
containing more than one benzo group, are nearly
insoluble in water and sparsely soluble in alcohols
and many other common solvents at room temperature.






(Pr(NO-)- - 15-Crown-5 (Assuming 1:1 Complex)
% C % Ii % N % Pr %
ob
Theory 21.95 3.69 7.68 25.75 40.93
Found 22.22 3.92 7.41 26.32 40.13
Foundc
22.10 3.67 7.74 25.49 41.00
Baron Consulting Corporation.
By difference,
J. C. G. Bunzli and D. Wessner, Helv. Chim. Acta, 61,
1454 (1978).
The saturated polyethers are colorless, viscous
liquids or solids of low melting points. They are
very much more soluble in both polar and nonpolar
solvents than their aromatic analogs. Most of them
dissolve in petroleum ether and yet display appreciable
water solubility.
A qualitative solubility study of the solid
praseodymium nitrate 15-crown-5 complex indicated
to us that these complexes are soluble only in polar
solvents such as water, N,N-dimethyl formamide,
methanol, and acetonitrile. Unfortunately, the
complexes appeared to be insoluble in the nonpolar
solvents such as chloroform or benzene that are
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typically used in NMR experiments. The results of
our solubility study are shown in Table IX. The
study was carried out using approximately 10 mg of
solid per 1 ml of solvent.
Our results roughly follow those reported earlier,
as most of the salt-polyether complexes have been
reported to be insoluble in saturated aliphatic
hydrocarbons. Aromatic, halogenated, and nitro
hydrocarbons, nitriles, amides, and dimethyl sulfoxide
reportedly are much better solvents for these com
plexes .
A comparison of the melting points of the poly
ether with the complex will usually dispel any doubt
concerning the nature of the product, since the
melting points of organic compounds are not usually
affected by admixture with an inorganic salt that
does not involve formal chemical bonding.
A melting point determination of our complex
between praseodymium nitrate and 15-crown-5 (using a
Mel-Temp capillary melting point apparatus) showed a
gradual tanning (decomposition) of our complex above
225C. By 260C the sample had changed from its
original green color to a distinctive tan color.
Finally at 282C the sample exploded out of the tube
(in a sealed capillary, the sample exploded to the
top of the sealed tube) .
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Table IX. Qualitative Solubility Study of
Pr (NO
3^3
















Acetonitril e Soluble Slightly Soluble






Insoluble - nothing went into solution as evidenced
by the continued colorless nature of the solvent.
'soluble - all of the solid went into solution.
'Slightly soluble
-
some green color indicative of
praseodymium went into the solvent; however, not
all of the solid dissolved.
55
King and Heckley "have reported that nonsolvated
complexes are relatively thermally stable since they
decompose only at temperatures well above 200 C. The
thermal decomposition of their solvent-free lanthanide
nitrate complexes with benzo-15-crown-5 were violent
with gas evolution and resulted in the formation of
a deep red color. Their solvated complexes were much
less stable to heat than the solvent-free complexes
since they apparently all decomposed below 150C.
Thermal decomposition of the solvated complexes
appears to involve the boiling off of the solvating
molecules and formation of glassy residues. The
decomposition temperature of the complex of praseodymium
nitrate and benzo-15-crown-5 (involving no solvent
coordination) was reported to be 275-276 C. Therefore,
the thermal behavior of our complex appears to agree
with an unsolvated, thermally stable 1:1 praseodymium
nitrate 15-crown-5 complex.
Work done using nuclear magnetic resonance
spectroscopy has provided no evidence that is useful
in directly characterizing the complex. The proton
and carbon magnetic resonance spectra (using DMSO-dfi
and D~0 as the solvents) show no chemical shift or
line broadening differences between the free and the
complexed crown ether (Table X) .
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Table X. Chemical Shift of the Crown Ether
Resonances in DMSO-dg
























A proton magnetic resonance experiment was
devised to characterize the praseodymium nitrate
15-crown-5 complex. This was accomplished by
quantitation of the number of hydrogens in the
free and complexes polyethers using a quantitative
internal standard (toluene) and comparisons of the
integrations of all of the peaks in each spectrum.
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The results in Table XI indicate that, not only
does the complex provide a ratio of one mole of
polyether for each mole of salt, there are no
unusual broadening or other effects that detract
from the quantitative proton integration. The
number of protons in the complex was found to be
consistent with that expected from the 1:1 complex
formula.
Table XI . The Number of Protons in the
Pr(NO-)3 15-Crown-5 Complex
Compared wLtn the Uncomplexed 15-Crown-5
15-Crown-5 20.0 0.07 Hydrogens
Pr(N03)3
*
15-Crown-5 20.2 0.02 Hydrogens
The molecular weights of the complexes synthesized
by Pederson were determined by ebullioscopy in methanol.
He obtained an average molecular weight that suggested
that the complexes dissociate in methanol into the
crown ether lanthanide cation complex and the anion.
An attempt was made to determine the molecular
weight of our complexes by vapor phase osmometry in
water. The vapor phase osmometer measures the osmotic
concentration of a solution operating on the principle
of vapor pressure lowering. The vapor pressure of a
pure solvent is lowered by the addition of a solute,
a colligative property of the solution that is
dependent primarily on the dissolved molecules and
not on their chemical characteristics.
Osmolalities are determined by measurements on
a single concentration of sample. Molecular weights
can also be determined by measurements on a single
concentration, provided that the system is known to
behave ideally, i.e., the reduced osmotic pressure
(TT/C ) shows little concentration dependence. For
systems that are not known to behave ideally, it
is necessary to make measurements on a series of
concentrations of a sample.
Aqueous solutions of 15-crown-5, which has a
molecular weight of 220.26 g/mole, were used to cali
brate the instrument. Solutions of potassium
dichromate, praseodymium nitrate pentahydrate, and
the praseodymium nitrate 15-crown-5 complex were
run in an analogous manner to determine the number
average molecular weights (M ) of these substrates
in aqueous solutions. The data for every solution
were not conclusive, indicating that the aqueous solution
characteristics of these ionic compounds in water are
very complex. For example, the data obtained for
praseodymium nitrate pentahydrate can be seen in
Table XII and Figure 9.
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The value obtained for the number average
molecular weight of the complex did not correspond
to the expected values from the two alternative sets
of products arising from complete dissociation, so
no definite conclusions can be stated concerning
dissociation in water employing the vapor phase
osometer (Tables XIII and XIV) . Despite the lack
of quantitative character of these M* values, it
does appear that the results are consistent with a
high degree of dissociation for the praseodymium
nitrate 15-crown-5 complex.
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Mass spectral analysis of Long's praseodymium
nitrate dicyclohexano-18-crown-6 complex by con
ventional electron mass spectrometry using electron
impact ionization was unsuccessful as only peaks
corresponding to the crown ether were obtained.
A relatively new technique, plasma desorption mass
spectrometry (PDMS) was introduced by MacFarlane and
Torgeson in 1974. This technique employs the fission
252
fragments emitted from the radioactive decay of cf
to rapidly excite an ensemble of molecules in a solid
matrix, and thus ionize and volitalize the solid
sample. The results of analysis by this technique for
the complex synthesized by Long between
dicyclohexano-
18-crown-6 and praseodymium nitrate, which was pre
viously reported to have a 2:3 stoichiometry, are
in Table XV.
There were no peaks corresponding to the 2 : 3 or
5:6 complex, thus it appears that this complex, which
had a C, H, N, analysis other than a 1:1 complex, may
be 1:1 with some free Pr(N03)3 in
the sample. A
negative ion spectrum was also run on this sample
and the only predominant mass peaks were
at 62
(N03~) and 389 (Pr(N03)4~). The 389
peak is again
strong evidence for free
nitrate salt in the complex.
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In the analysis of the Pr(NO-).
*
15-crown-5




= 485). Unfortunately the
PrO+
Pr?0, ion (Mass
= 486) is so close in mass that
the two cannot be resolved in MacFarlane's present
system. The peaks observed were 157 (PrO ) ,






since no species of higher mass were obtained, these
data are again consistent with a 1:1 Pr (NO.,) .. 15-crown-5
complex in the solid state.
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Three criteria are normally used to confirm
the formation of complexes of the cyclic polyether
and salts: (a) changes in the solubilities of the
polyethers and salts in various solvents,
(b) characteristic changes in the UV spectra of the
aromatic polyethers, and (c) isolation of the com
plexes as pure compounds. The most direct approach
is (c) , but some complexes, although stable in
solution in certain solvents, have not yet been
successfully isolated. Test (a) is a general one,
but it has been applied to only a few of the
poly-
ether-salt complexes. Test (b) is used most widely
because it is the easiest and the most generally
applicable, provided the salts themselves do not
absorb too strongly in the region of 270-290 nm.
Saturated polyethers do not absorb significantly
above 200 nm. Hence, the spectral method of
determining complex formation is not directly
applicable to the saturated polyethers. We must
keep in mind that the lack of experimental support
for the formation of a complex between a salt and
a polyether is not a denial of any and all inter
action between the two, but simply indicates the
fact that the interaction is too slight to be
detected by the particular experimental technique.
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A lanthanide ion, for example, an aqueous
3 +
solution of Pr as its chloride, absorbs light
quanta of energy suitable for inducing excitation
3
from its ground state, in this case H . , to an
3 3 3
excited state, PQ, P,, and P2< These three
transitions 3H4 -+ 3PQ, 3H4 ^Pjy 3H4 ? 3P2 can
be observed as fairly sharp weak bands, which,
together with the H. * D transition, give the
3+
Pr ion its characteristic green color. Molar
absorptivities ( ) are in the range of 1-10.
Praseodymium tripositive ions in water
therefore absorb significantly in the visible
region and thus are colored with the principal
absorption bands at 4445, 4690, 4822, and 5885 A.
Although the absorption spectra of most d-transition
species are characterized by broad, diffuse bands
that are structureless, those of all the absorbing
tripositive lanthanide ions contain sharply defined
bands that are often line-like even in solution
at room temperature.
Effective shielding of the 4f arrangement leads
to far less perturbation of the absorption spectra
of the lanthanide tripositive ions upon complexation
than is noted with the d-type transition metal ions.
The f-f transitions of the lanthanide nitrates are
unaffected by complexation with the macrocyclic
poly-
12
ethers described by King and Heckley. The
benzo-
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15-crown-5 complexes of the lanthanide nitrates
generally exhibit the color characteristic of the
parent lanthanide cation although the benzenoid
ultraviolet band tails off into the visible region
with resultant muting of the characteristic colors.
All of the dibenzo-18-crown-6 complexes of the
lanthanide nitrates are off-white solids. The
characteristic colors of the lanthanide ion are
lost under the tailing off of the benzenoid ultra
violet bands into the visible region.
A comparision of the ultraviolet-visible spectrum
of the praseodymium nitrate pentahydrate and our
praseodymium nitrate 15-crown-5 complex in water
and methanol indicates that they are identical in
terms of both the shape of the absorption bands and
the position of the maxima, as expected. Figures 10
and 11 arc ultraviolet-visible spectra of the
praseodymium salt and the praseodymium complex with
15-crown-5 in water.
In water, the maxima in the visible spectrum
are located at 5890, 4820, 4680 and 4440 A in order
of increasing intensities and are due to the f-f
transitions of the praseodymium ion. In methanol,
the absorbance peaks due to the praseodymium ion
are located at 5890, 4820. 4680, and 4440 A. The
absorbance peak at 206 nm in the ultraviolet spectrum
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Figure 10. UV-Vis Spectrum
of Pr (N03) 35 ll2() in Water
6 '!
4440 X
Fiqure 11. UV-Vis Spectrum
of Pr(N0 ) -15-Crown-5 in
Water.
(XI
is a very intense absorption due to the nitrate ion.
These absorption bands are in the expected positions
as noted earlier.
The molar absorptivity at 44 5 nm for the complex
is 5.92 i .16 in methanol and 9.04 .14 in water.
For the hydrated praseodymium nitrate itself, the
molar absorptivities at 445 nm are 5.66 - .12 in
methanol and 8.72 t .08 in water. We have drawn
attention to these absorptivities since we have used
them below in an attempt to draw conclusions about
the stoichiometry of the complex.
It is important to note that the molar absorp
tivities are in the reported region of 1-10. The
ratio of the molar absorptivity of the crystalline
solid complex to that of the lanthanide salt is
1.05 .05 in methanol and 1.04 .03 in water.
Since this ratio is equal to unity within experimental
error, the complex appears to be a 1:1
polyether-
lanthanidc salt complex.
The infrared spectra of the lanthanide nitrate
complexes of the macrocyclic polyethers are quite
complex and are similar but not identical to a
superposition of the spectra of the lanthanide
nitrate and the free ligand. The subtle differences
provide definite evidence that the solid lanthanide
nitrate complexes of the macrocyclic polyethers
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involve chemical bond formation between the lanthanide
ion and the macrocyclic polyether.
Pederson noted that the spectra of the crown
and its complex in KBr pellets differ most strikingly
in the 1100-700 cm region which contains bands
attributable to the wagging, twisting, and rocking
vibrational modes of the methylene groups. These
modes are restricted by the neighboring groups, and
changes in the bonding character of these groups
will affect these vibrational modes. The two medium
intensity bands of dibenzo-18-crown-6 at 995 cm
and 930 cm , which can be attributed to either the
wagging or twisting mode of vibration of the methylene
groups, are shifted closer together (965 and 940 cm )
and increased in intensity in the spectrum of the
complex. This may indicate that there is less
restriction on the coupling of these vibrational
modes in the complex. This decrease in coupling
can be accounted for by postulating that the oxygen
atoms are showing less effect on these modes because
they are bonded to some extent with the cation.
In order words, the electronegativity of the oxygen
has been somewhat dissipated by complex formation.
For cyclic polyethers with aromatic side chains,
the significant variation in the aromatic bands
between 800 and 700 cm is the shift to shorter
71
wavelengths upon complex formation. Since these
bands are attributable to the carbon-hydrogen out
of plane bending mode of the vibration, it is
apparent that the cation is bonded in such a way
as to cause this vibration to be more restricted
in the complex.
12
King and Heckley noted that the free macrocyclic
*
polyethers exhibit two different C-0 bands at
1225-1260
cm"1
and at 1120-1140 . Upon complex
formation these bands are shifted to lower energy by
20-4 0 cm and become noticeably weaker.
12
King and Heckley also reported that the IR
bands attributed to the nitrate groups in the com
plexes support the presence of only bidentate nitrate
ligands. The positions of the nitrate stretching
frequencies are similar to those in other lanthanide
nitrate complexes with bidentate nitrate ligands.
More significantly the separation between the two
very weak combination bands in the 1700-1800 cm
region in the complexes of the lanthanide nitrates
are 35 - 5 cm , which is in the range found for
known bidentate nitrate ligands (20-66 cm ) rather
than the 5-26 cm range found for known monodentate
nitrate complexes.
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The infrared spectra of 15-crown-5 and the
complex, praseodymium nitrate 15-crown-5, are
shown in Figures 12 and 13. By comparing these
two spectra we can note the subtle differences
1 12
reported by Pederson and King and Heckley
The major differences between the free and com-
plexed polyether can be seen in Table XVI. No
evidence of any solvent was detected in the IR
spectrum of the complex; therefore, we can say
with confidence that an unsolvated complex was
synthesized.
To prove that the praseodymium ion was the
cause of the IR band shifts (and not
potassium
via a solid state
reaction with the KBr) an
IR scan of the complex
(dicyclohexano-18-crown-6
with praseodymium nitrate) was compared with the
scan of the free polyether, dicyclohexano-18-crown-6 ,
and a scan of a solid mixture of praseodymium nitrate























































































Table XVI. Difference Among the IR Spectra of the
Free Crown Ether, 15-Crown-5, and the Complex,
Pr(N03)3 15-Crown-5



















Weak Bands Located at






None Present None Present
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The result of this comparison shows that the IR
spectrum of the solid mixture of the free polyether
with praseodymium nitrate pentahydrate is identical
with the spectrum of the free polyether alone when
we subtract the spectrum of the praseodymium
nitrate pentahydrate. The IR spectrum of the
27
complex synthesized by Long, however, is very
different than the spectrum of the 'free polyether
in the same manner that has been discussed for the
complex between praseodymium nitrate and 15-crown-5
This shows tha the IR results are due to the
praseodymium complexing with the crown ether and
not with the potassium ion from KBr.
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IV. APPLICATION OF THE PRASEODYMIUM NITRATE
15-CROWN-5 AS A LANTHANIDE SHIFT REAGENT (LSR)
A major goal of this study was to compare the
NMR shifting abilities of the polyether complex with
those of the salt. The shift study was accomplished
on the substrate, triglycine, using deuterated water
as the solvent. The substrate concentration was
held constant while increasing amounts of the complex
were added and successive H NMR spectra were obtained.
A study using the hydrated praseodymium nitrate in
water as the lanthanide shift reagent on the same
substrate was run for comparison. The lanthanide
induced shifts of the complex and the salt can be
seen in Table XVII and in graphical form in Figure 14.
The data have been plotted to compare the two
LSH'r. A plot of the shift (in hertz) of the A protons
(Table XVII) versus the TlSR]/ Csubstratel values are
the most useful for comparison since they are the
most strongly shifted. Since there is curvature in
the plots at the higher [LSR]/ [substrate] we must
look at the initial linear parts of the plots for
the slopes. For the LSR praseodymium nitrate
15-
crown-5, the initial slope of the curve is approxi
mately 474 (Hz per mole
of LSR per mole of substrate) .
This is compared to 502 for the initial slope of
the curve for the LSR made by dissolving praseodymium
nitrate pentahydrate in water.
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L.S.R Pr(NQ3)3 15-Crown-5 Complex
mmol LSR/













0.000 228.6 237.0 244.8
0.034 246.0 237.0 246.0
0.064 258.6 235.8 244.8
0.098 277.8 238.2 249.0
0.132 287.4 236.4 249.0
0.263 339.0 238.2 249.6
0.392 373.2 238.2 260.4

































































In an attempt to reproduce the shift study
27
data of Long with the complex that he synthesized
from dicyclohexano-18-crown-6 and the hydrated
praseodymium nitrate, it was found that the complex
would not dissolve in D20 above the concentration
of 0.281 g/1. Upon the attempted dissolution of
the complex, it was noted that the green color of
praseodymium did go into the solution, however, a
white precipitate did not. An infrared spectrum
of this substance indicated that this white precipi
tate was uncomplexed dicyclohexano-18-crown-6 .
Therefore, we appeared to be observing the dissoci
ation of this lanthanide polyether complex by water.
27
Long had suggested that the observation of no
X
differences in the NMR spectra of the free and com-
plexed polyethers might be explained by the fact
that the geometry of the complex may be the cause
of the lack of any lanthanide induced shifts. The
McConnell-Robcrtson equation should be applicable
to these complexes and a critical angle of ^ = 54
44'
2
causes the 3 cos 7(-l term and thus the
McConnell-
Robcrtson Equation
AHi/H = K (3 cos *%y-l)
to equal zero .consequently predicting an induced shift
of zero.
8]
An alternative proposal to explain the lack of
shifts would be the idea that the complexes are
dissociating into the free crown ether and lanthanide
and nitrate ions when dissolved in the polar solvent
we have been using. We favor the latter explanation
in view of the large number of experimental results
described in this thesis.
To prove that a lanthanide ion can coordinate
with a cyclic polyether, the shifting ability of
Eu(fod),, a popular lanthanide shift reagent, was
investigated using 15-crown-5 as the substrate in
CDC13. There was a definite large shift of the
15-crown-5 H NMR resonance upon the incremental
additions of the Eu(fod), to a solution of the crown
ether in CDC13 (Table XVIII).
Since shifting of the
15-crown-5 spectrum is observed, we can assume that
there is coordination of the lanthanide ion of the
LSR to the polyether ring system when the solvent
does not compete significantly with the crown ether
for the lanthanide atom. The slope of the shift
in Hz vs. the mole ratio of LSR/substrate is 361.1
(Hz per mole of LSR per mole of substrate) .
The proton NMR spectra of the macrocyclic
poly-
ehter complexes of the lanthanide nitrates were also
12
investigated by King and Heckley. Unfortunately,
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in deuterated acetone for spectra to be observed.
This limited the H NMR investigations to the more
soluble solvated derivatives. Among these compounds
only five of the ten complexes gave satisfactory
NMR spectra. The H NMR spectra of the complexes
of Gd, Tb, Dy, Ho, and Er exhibited resonances
which were too broad to be unequivocally detected
and assigned. The shifts of the water protons in
the solvated complexes were much larger than the
negligible shifts of the macrocyclic polyether
protons in accord with the much shorter distance
between the water protons and the lanthanide.
After a large portion of our studies had been
carried out, Hart, e_t al . . reported the preparation
of complexes of the lanthanide salts with the crown
ether, cis , syn , cis-dicyclohexano-18-crown-6 and
their paramagnetically shifted NMR spectra. Unlike
those of the complexes of benzo crown ethers (King
12
and Heckley ) , they have fairly large paramagnetic
shifts and individually assignable resonances with




gave crystals of X-ray quality and the structure
shows the crown ether to be coordinated to the
lanthanide ion as depicted in Figure 15. Three
04
bidentate nitrate ions, one above and two below
the crown ether, are also co-ordinated to the
metal .
Figure 15. X-Ray Structure of Lanthanide nitrate
cis , syn,
cis-dicyclohexano-18-crown-6a
aG. A. Catton, M. E. Harmon, F. A. Hart,
G. E. Hawkes, and G. P. Moss, J. Chem. Soc.
Dalton, 181 (1978)
Hart, et al., have investigated the H and C
NMR spectra of complexes of cis, syn,
cis-dicyclo-
hexano-18-crown-6 with praseodymium and other
lanthanide salts as 0.1 and 0.2 moles/1 solutions
in deuterated acetonitrile
- deuterated chloroform
(1:1 v/v) solutions. There are
upfield and downfield
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shifts in the crown ether resonances, the shifted
H spectra spanning ca. 20 ppm. X-ray analysis
shows that in the solid state there are nine
distinct hydrogen atoms and five distinct carbon
atoms which are disposed in space in the general
manner depicted in Figure 15, when the six oxygen
atoms are co-ordinated to the lanthanide ion.
Spectra of praseodymium perchlorate were selected
for this particular study because of their combination
of fairly narrow linewidth and fairly large shifts
in directions which facilitate unambiguous assign
ments (Figure 16).
They also investigated the effects of the
addition of water and of PO(Ot-Bu)3. These ligands
were expected to coordinate to the lanthanide ion
above or below the crown ether plane and should
affect the H NMR spectra. When water was added
(ca. 2 mg) to solutions of Pr(C104)3
cis,syn,cis-
dicyclohexano-18-crown-6 , the resonances were
shifted considerably upfield with shifts
of up to
10 ppm (compared with the water-free solutions) .
There is thus a rapid water-lanthanide exchange.













t dj d, o,b] e b,
^3 o PX io
LN La(a), Sm(b) , or Pr(c)
Pr(C104).4 cis , syn ,cis-dicyclohexano-18-crown 6
plus X X = 2H20 (d) or PO(0-tBu)3 (e)
G. A. Catton, M. E. Harmon, F. A. Hart, G. E. Hawkes ,
and G. P. Moss, J. Chem. Soc. Dalton, 181 (1978).
Live and
Chan32
employed hi and C NMR to
elucidate the solution structure of a number of
crown cyclic polyethers. They examined
benzo-18-
crown-6. dibenzo-18-crown-6 , and dibenzo-30-crown-10
and their interactions with Na , K , Cs , and Ba
Structural information was deduced from detailed
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analysis of the H and C spectra, proton-proton
vicinal coupling constants, and the salt induced
shifts. The complexes of these cyclic polyethers
were shown to have the same structures in acetone
as was previously reported for the complexes in
the crystalline state.
The fact that other workers have reported salt
induced shifts of the NMR signals of crown ethers
plus the fact that Eu(fod)3 in deuterated chloroform
also shifts the crown ether signals, along with our
observation that none of the H NMR spectra of our
lanthanide salt - crown ether complexes showed any
shifting differences of resonance positions compared
to the positions of the uncomplexed crown ether
clearly indicates that our complexes are dissociating
in polar solvents.
Differences between the lanthanide series and
the transition series suggest that in the area
of coordination chemistry, the contrast between the
two series is particularly striking. The following
characteristics, among others, mitagate against
complexation of the lanthanide ions:
(1) In the ground state, each lanthanide cation
presents to incoming ligands what appears to be the
outer electronic arrangement of a noble gas atom,
since the 4f orbitals and the electrons occupying
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these orbitals are effectively screened. Any
involvement of metal ion orbitals in bonding must
be restricted to higher energy orbitals. The
ligand field stabilization is correspondingly very
small (ca. 1 kcal/mole) .
(2) Each lanthanide cation is comparatively
large. Thus covalent interactions with ligands
are minimized in a second way, sincfe electrostatic
interactions are reduced over what they might be
for cations of each charge type.
(3) Water is a particularly strong ligand.
In aqueous media, any other ligand added is in com
petition with large quantities of water for co
ordination sites of the lanthanide ion. Further
more, once a co-ordination site has been occupied
by a molecule of water, displacement of another
ligand is commonly very difficult. Water as a
ligand occupies a special position with the
lanthanides because the hydration energy of the
lanthanides is considerable; for example, the
hydration energy for the
La+
is -1104 kcal/mole.
Thus, only strong ligands form complexes of
33
sufficient thermodynamic stability to be isoluble.
The small size of the water molecule, combined with
its high affinity for the lanthanide cation and
the high co-ordination numbers of these cations,
89
frequently lead to the inclusion of water molecules
in the coordination sphere of the metal ion of
various complexes under ordinary preparative con
ditions.
(4) With a limited number of exceptions, the
lanthanide ions form complexes with only halogens,
oxygen, or nitrogen as donor atoms. Also, the
complexes are labile; that is ligand substitution
reactions take place rapidly in solution. This
means that many lanthanide complexes in aqueous
solution are substantially dissociated into the
hydrated ion and free ligands and cannot therefore
be prepared in an aqueous medium. This situation
both limits the possibilities of obtaining isoluble
lanthanide complexes and, for example, minimizes
the number of geometrical and/or optical isomers
that will maintain their configuration throughout
34
reactions essential to their investigation.
90
V. TWO-PHASE SYNTHESIS OF LANTHANIDE SALT POLY
ETHER COMPLEXES
Attempts were also made to form a complex by
another procedure involving two layers. Dibenzo-
18-crown-6 was dissolved in an organic liquid,
chloroform, and a lanthanide salt was dissolved
in the aqueous layer. This crown ether, being
insoluble in water, might form a cOtaplex by extract
ing the lanthanide ion into the chloroform layer.
The first lanthanide salt tested was praseodymium
chloride hexahydrate. Upon the mixing of the two
solutions with shaking, no apparent reaction took
place as there was no green color characteristic
of the praseodymium ion in the chloroform layer.
Also II NMR of the chloroform layer was consistent
with the presence of only free dibenzo-18-crown-6 .
Changing the lanthanide salt to gadolinium
iodide, we did obtain a color transfer when the
two-
layer method was employed. The chloroform layer
which contained the dibenzo-18-crown-6 went from
colorless to a dark brown-red color consistent with
the transference of the iodide ion; however, H NMR
was again consistent with only dibenzo-18-crown-6
being present as no line broadening, indicative of
gadolinium coordination, was observed.
These tests indicate that the lanthanide ions
are strongly held by the water molecules and
there-
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fore are not able to coordinate with the crown ether,
under these conditions.
VI. COMPLEXATION OF LANTHANIDES USING BICYCLIC AMINE
POLYETHERS
Preliminary reports have appeared describing




differ from most crowns
by their bicyclic nature, as most of the crowns
are monocyclic and are essentially two-dimensional.
The addition of the third strand confers three-
dimensionality on the cyclic polyheteroatom ligand
increasing its ability to complex metal ions (Figure 17) .
'T^0s_^,\_/'
Figure 17. 2:2:2 Crypt ate,
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Bicyclic amine polyethers form complexes with
the same cations as the cyclic polyethers; however,
the bicyclic compounds have remarkably greater
complexing properties as demonstrated by the stability
constants of their aqueous complexes with alkali metals;
these constants are at least 100 times greater than
those for the 18-crown-6 derivatives despite the
nitrogen atoms in the ring. The complexes are
formed by encapsulation of the cation within the
cavity of the compound, as demonstrated by X-ray
35
analysis of the crystalline KSCN complex.
Evidently the cation is held in the cavity under
the influence of the partial negative charges of
the six oxygen and two nitrogen atoms. Complexation
in solution is pH sensitive since protonation of
the amino nitrogens prevents complex formation
apparently because of repulsion between the two
positively charged nitrogen atoms and the metal
cation. The complexes are found to attain maximum
thermodynamic stability when the sizes of the bare
metal ions are comparable with the dimensions of
the cryptate cavity.
Gansow, et al., investigated the synthesis
and chemical properties of lanthanide cryptates.
Lanthanide chlorides and 2:2:1 cryptates formed
stoichiometric,
microcryst alline complexes in
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anhydrous organic solvents. The europium and
gadolinium cryptates exhibit remarkable kinetic
stability in water and appear to be the first
truly substantially inert lanthanide complexes.
This inertness renders the gadolinium cryptate
useful as a T. (shiftless) relaxation reagent for
NMR spectroscopy in polar organic solvents or in
aqueous solutions. It was also reported that
the europium cryptates do tend to act as aqueous
LSR's. Therefore, I propose that further work with
the crown complexes of lanthanide cations be con
cerned with the cryptates in place of the
macro-
cyclic polyethers to investigate whether the




The macrocyclic polyethers were purchased
from the Aldrich Chemical Company, Inc. and used
without further purification. The lanthanide
salts were reagent grade chemicals purchased from
Ventron Corporation. All solvents and other
organic materials were commercial products and
were used without purification. All of the
reagents were stored in a desiccator containing
Drier ite as some are hygroscopic.
Carbon, hydrogen, nitrogen and praseodymium
analyses were performed by the Baron Consulting
Corporation, Orange, Connecticut. Decomposition
temperatures were determined in capillaries and
are uncorrected.
Infrared spectra of the complexes and the
crown ethers were recorded on a Perkin-Elmer 621
spectrometer with grating optics, in the region
of 4000-600 cm , as KBr pellets for solid samples
or neat between sodium chloride plates for liquid
samples .
Proton magnetic resonance ( H NMR) spectra were
obtained on Varian CFT-20 (80 MHz) and Perkin Elmer
R-20 (60 MHz) instruments. Carbon magnetic resonance
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( C NMR) spectra were obtained on a Varian CFT-20
(20 MHz) spectrometer. Chemical shifts are expressed
as parts per million (ppm) relative to the internal
standard, either tetramethylsilane (TMS) for the
organic solvents or sodium 2,2-dimethyl-2-silapentane-
5-sulfonate (DSS) for aqueous solvents. All of the
NMR solvents were deuterated and purchased from
Norell Chemical Company -
The ultraviolet-visible spectra were recorded
on a Varian SuperscanModel 1 Ultraviolet-Visible
spectrometer at Pennwalt Corporation. The spectra
were recorded in the region of 800-200 nm in
methanol and in water.
Preparation of Praseodymium Nitrate 15-Crown-5 Complex
A 10 mmol solution of 15-crown-5 in 75 ml of
absolute methanol (Fisher Scientific Co.) was added
at room temperature to a solution of 10 mmol of the
hydrated praseodymium nitrate in 75 ml of absolute
methanol with stirring. The resulting solution was
then heated on a steam bath until the volume of the
methanol was reduced to one-third of its original
volume. Allowing this solution to stand for 24 hours
at room temperature resulted in the formation of a
light green crystalline material. The crystals were
filtered off and washed with two 5 ml. portions
of
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cold methanol. Additional product was recovered
upon further concentration of the filtrate to
approximately 20 ml. The final product was then
dried in a 6 0C oven for 24 hours to remove traces
of methanol. The total yield was 80%.
Quantitative Integration of the Number of Hydrogens
in the Praseodymium Nitrate Crown Ether Complexes
by H NMR Referenced to an Internal Standard
A known weight of the lanthanide complex in the
range of 0.2-0.3 mmol of substance was placed in a
H NMR tube. This was dissolved by adding 0.5-1.0 ml
of DMSO-d6
and five drops of TMS . Upon
dissolution 80 u^ of toluene was added to each
sample tube by a 100yl syringe. The H NMR spectrum
was then obtained and all peaks were integrated. For
comparison, the free crown ether was analyzed in a
fashion identical to that described here for the
lanthanide complex. The values reported are the
averages of four determinations and have been
corrected for the number of hydrogens known to be
in the polyether, 15-crown-5 (ciqH205^ *
97
Lanthanide Shift Reagent Study on Glycylglycylglycine
(Triglycine) in DgO with Hydrated Praseodymium Nitrate
and the Praseodymium Crown Ether Complexes
The general procedure for the lanthanide induced
shift study was to first make a stock solution of
the substrate (triglycine) of known concentration
(on the order of 100 mg. triglycine per ml. of D_0) .
Exactly 0.5 ml of this solution was added to each
H NMR tube. Then a weighed amount of the LSR was
dissolved in D0 to make a solution on the order of
200 mg LSR per ml. of D20. To the first *H NMR
tube, only a few crystals of the DSS internal
standard was added. To each tube thereafter, in
creasing amounts of the LSR solution was added by
a yl syringe along with the crystals of the DSS
internal standard. The H NMR spectrum of each
tube was then obtained and the collective results
for any one LSR was used in the comparison of
the LSR's studied.
Vapor Phase Osmometry
A Hewlett-Packard Model 302B Vapor Pressure
Osmometer was used to determine the number average
molecular weight of our synthesized complexes. The
98
procedure consists of first zeroing the bridge
with solvent on both beads, then replacing solvent
with sample on the sample thermistor bead, followed
by reading the output voltage (V) necessary to
return the meter to null. For each concentration (C) ,
the ratio V/C (voltage divided by concentration) is
calculated. A plot V/C vs. C is made and the best
straight line through the plotted points, emphasizing
the high concentration points, is drawn. The line is
extrapolated so that it intersects the V/C ordinate.
The intercept value is (V/C) . For a calibration
run with a standard of known molecular weight M,
the calibration constant (K) is calculated from
K = M x (V/C) For a molecular weight determina
te
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